Abstract. Although geographically small, Tasmania has a diverse range of regional climates that are affected by different synoptic influences. Consequently, changes in climate variables and climate-change impacts will likely vary in different regions of the state. This study aims to quantify the regional effects of projected climate change on the productivity of rainfed pastoral and wheat crop systems at five sites across Tasmania. Projected climate data for each site were obtained from the Climate Futures for Tasmania project (CFT). Six General Circulation Models were dynamically downscaled to~10-km grid cells using the CSIRO Conformal Cubic Atmospheric Model under the A2 emissions scenario for the period 1961-2100. Mean daily maximum and minimum temperatures at each site are projected to increase from a baseline period to 2085 (2071-2100) by 2.3-2.78C. Mean annual rainfall is projected to increase slightly at all sites. Impacts on pasture and wheat production were simulated for each site using the projected CFT climate data. Mean annual pasture yields are projected to increase from the baseline to 2085 largely due to an increase in spring pasture growth. However, summer growth of temperate pasture species may become limited by 2085 due to greater soil moisture deficits. Wheat yields are also projected to increase, particularly at sites presently temperature-limited. This study suggests that increased temperatures and elevated atmospheric CO 2 concentrations are likely to increase regional rainfed pasture and wheat production in the absence of any significant changes in rainfall patterns.
Introduction
The productivity of Tasmanian agriculture is highly reliant on climatic conditions and is thus potentially vulnerable to future changes in climate. The impact of climate change on crop and pasture production is uncertain and will vary regionally depending on the extent and timing of changes in key climate variables such as rainfall and temperature (Cullen et al. 2009 ). Specific effects may range from changes in growth patterns, yields and quality, to changes in the type and timing of farm operations such as planting and harvesting. Changes in farming practices in response to climate change may range from relatively simple changes made within existing activities, such as new cultivars, to the evolution of new farming systems.
The mean daily temperature in Tasmania has risen by 0.18C per decade (Bureau of Meteorology 2012) from the 1950s to the present time. Daily minimum temperatures have increased at a greater rate than daily maximum temperatures, consistent with greenhouse warming and observations globally (McInnes et al. 2004; Grose et al. 2010) . Since the 1950s, mean annual rainfall has declined by 22 mm per decade, and trends since 1970 show an even greater decrease of 45 mm per decade (Bureau of Meteorology 2012). While these changes in Tasmania's climate are clear, it remains uncertain how much of the observed change is part of natural background variability and how much represents a fundamental change in climate due to anthropogenic influences. Projected changes in regional climate across Tasmania were estimated by Nunez (2004) , McInnes et al. (2004) and McIntosh et al. (2005) . Recently, the Climate Futures for Tasmania (CFT) project generated climate projections specific to Tasmania through fine-scale climate modelling using a dynamical downscaling approach . The CFT project used the CSIRO Conformal Cubic Atmospheric Model (CCAM) (McGregor 2005; McGregor and Dix 2008) to dynamically downscale five of the 23 General Circulation Models (GCMs) reported in the IPCC Fourth Assessment Report (IPCC 2007 ) and a sixth GCM, CSIRO-Mk3.5 . Dynamical downscaling allows synoptic weather systems to be expressed at finer scales than those employed in the GCMs while taking into account the interaction between the weather systems and topography Holz et al. 2010) .
Dynamical downscaling increased the spatial resolution from 2-38 grid cells in the GCMs to a 0.18 grid (%10 km by 10 km) for Tasmania . Two special report emissions scenarios (SRES) were used: A2, a higher greenhouse gas emission scenario; and B1, a lower emission scenario (Nakicenovic and Swart 2000) .
The CFT projections using the A2 emissions scenario suggest an increase in mean daily temperature of 2.98C (model range 2.6-3.38C) across Tasmania over the 21st Century, which is less than mainland Australian and global projections of~3.48C. The lower projected temperature increases for Tasmania are due in part to the moderating effect of the maritime climate in Tasmania, although projections indicate that the rate of temperature change will increase towards the end of the 21st Century . Predicted changes in mean annual rainfall vary regionally across Tasmania but are generally less than AE10% in the major agricultural areas, with some significant seasonal changes . The CFT modelling suggests increases in pan evaporation of up to 19% ; however, evaporation is a complex climate variable affected by solar radiation, relative humidity, temperature and wind, and thus changes are difficult to project. Solar radiation is projected to remain within AE5% of current levels .
General Circulation Models are the best available tools for simulating future climates under anthropogenic forcing and projected emissions of greenhouse gases, and their use in impact assessment studies of climate change is widespread (Perkins et al. 2007; Suppiah et al. 2007; Soussana et al. 2010) . Before the study by Holz et al. (2010) , studies of climate change impacts on Tasmanian pastures (Cullen et al. 2009; Cullen et al. 2012; Bell et al. 2013 ) and cereal cropping systems used perturbed historical climate data with anomalies calculated from GCMs such as OzClim . Holz et al. (2010) tested the suitability of the biasadjusted climate data for use in biophysical models by comparing the simulated pasture yield between the biasadjusted CFT projections and the Australian Water Availability Project (AWAP) gridded climate data (Jones et al. 2009 ). Holz et al. (2010) reported that monthly and annual pasture yields simulated using AWAP observations and biasadjusted CFT outputs were comparable, being within -14 to +16%, demonstrating that the bias-adjusted CFT climate data are suitable for assessing climate change impacts on agricultural production.
The objective of this study was to use regional differences in the fine-scale projections to quantify the impacts of climate change for five Tasmanian agricultural regions. Annual and monthly pasture production and annual wheat production were simulated from 1981 to 2100.
Materials and methods

Study sites
Five study sites were selected as representative of major agricultural regions in Tasmania (Table 1) . Sassafras, in northwest Tasmania, is in a region characterised by moderate-high rainfall, Ferrosols and intensive cropping and grazing systems. Cressy, in the central north, is characterised by texture-contrast soils (Chromosols and Sodosols), and irrigated cropping and pasture systems. Bothwell, at >500 m in elevation, is the most temperature-limited of the sites and, therefore, most likely to benefit from any projected increases in temperature. Tunbridge is a low-rainfall site in the Midlands region, characterised by texture-contrast soils and extensive livestock production systems, particularly sheep. Cambridge, in the south-east, is characterised by intensive irrigated horticulture (fruit crops and vegetables) and field crops on texture-contrast soils and clays.
Projected climate
The GCMs used were CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-HADCM3. The GCMs were primarily selected on objective metrics of the skill of each model in simulating the climate over south-eastern Australia . Each individual GCM output included~140 variables at 6-hourly and daily time-steps for the period 1961-2100 ). Climate models have inherent biases that can be estimated, for example, by comparing a simple metric such as mean annual rainfall between observations and model outputs. Small biases in temperature or rainfall may significantly affect outputs from biophysical models. Biases can be managed by perturbing historical datasets with projected anomalies or by correcting the climate model outputs (Bennett et al. 2013) . The CFT project used the AWAP gridded daily dataset (Jones et al. 2009 ) and a quantile-quantile bias-adjustment method (Bennett et al. 2013) to produce climate variables on the same scale as observations. Each climate model produces a unique realisation of the climate for each grid cell that is independent of observations, for example, rain falls on different days in different amounts in each model simulation. This also means that each climate realisation may not reflect observations such as the period Bennett et al. (2013) showed that quantile mapping is very effective in correcting GCM biases. It improves frequency metrics such as the number of rain days, it preserves long-term changes to the mean and variance of climate variables to correlations between variables, and it reflects the dynamics (e.g. changes in synoptic patterns) of the Regional Climate Model. Therefore, these datasets provide a different and useful approach for capturing impacts compared with using perturbed historical data, where, for example, it always rains on the same day. The key climate variables used in biophysical models include daily rainfall, daily minimum and maximum temperature, daily solar radiation and daily pan evaporation. The bias-adjusted, dynamically downscaled GCM datasets can be used directly in biophysical and hydrological models. Climate data from the 0.18 gridded, bias-adjusted, dynamically downscaled GCMs were obtained from the Tasmanian The mean monthly and annual values for each 30-year period were calculated for the five climate variables. There were differences in projected average monthly and annual variables among the bias-adjusted, downscaled GCMs. Trends in maximum and minimum temperature, pan evaporation and solar radiation were generally consistent between the models; however, there were differing trends for rainfall. The biasadjusted, gridded, daily climate projections show that for each site, the observed increase in temperatures during the latter half of the 20th Century are projected to continue into the 21st Century. Mean annual daily maximum temperatures are projected to increase by 1.1-1.38C by 2050 and 2.3-2.58C by 2085 (Table 1) . Mean annual daily minimum temperatures are projected to increase by 1.2-1.48C by 2050 and 2.4-2.78C by 2085 (Table 1) . Future mean annual rainfall at all locations is projected to increase above the baseline value, ranging from 2% (Sassafras, Cressy, Tunbridge) to 7% (Cambridge) by 2050, and by 1% (Tunbridge) to 10% (Cambridge) by 2085 (Table 1) .
Mean monthly rainfall and maximum and minimum temperatures for each site are presented in Fig. 1 . There was minimal regional variation in the rate of projected increases in daily maximum and minimum temperature despite the differences in means between the various sites. The mean annual rainfall projections of the six GCMs throughout the 21st Century indicate slight increases for each site, particularly during the winter months ( Fig. 1) . However, the absence of significant changes in projected annual rainfall trends is not unusual, considering that rainfall is not expected to respond as consistently or strongly as temperature to increases in greenhouse gas forcing (Alexander and Arblaster 2009).
Systems simulations
The Sustainable Grazing Systems (SGS) pasture model (version 4.8.6) (Johnson et al. 2003 ) was used to simulate the impact of climate change on rainfed (non-irrigated) pasture growth at each of the five sites. The SGS model has been shown to realistically simulate monthly and annual pasture production for sites across southern Australia, under a wide range of soil types and pasture-management options Lodge and Johnson 2008) . Pasture production at each site was simulated on a Chromosol without any soil nutrient limitation, and the key soil parameters used for each site are outlined in Appendix 1. The same physical and chemical soil parameters were used for each site, as the principle aim was to determine the impact of climatic differences and trends. A cutting treatment was applied in which the pasture was harvested on the last day of each month to a residual dry matter of 750 kg DM/ ha, consistent with grazing by sheep. A mixed sward of perennial ryegrass (Lolium perenne L.) and subterranean clover (Trifolium subterranean L.) was simulated at Tunbridge, Bothwell and Cambridge, and a perennial ryegrass and white clover (T. repens L.) sward was simulated at Sassafras and Cressy.
To enable the pasture model to reach a more stable state of nutrient and organic matter levels, an initial equilibrium period of 10 years was simulated. The pasture model was run from 1981 to 2100 with daily climate variables from the six GCMs. Atmospheric CO 2 concentrations were increased annually, taken from the Integrated Science Assessment Model (ISAM) model conversion of the A2 emissions scenario, beginning at 338 ppm in 1981 and reaching 819 ppm by 2100 (Nakicenovic and Swart 2000) . The function and response to elevated atmospheric CO 2 concentrations in the model are described by Cullen et al. (2009) . Growth-limiting factors of temperature (GLF temperature ) and water (GLF water ) are used in SGS to identify the extent of limitation to simulated pasture growth. Threshold temperatures for the simulated pasture species were >288C (Mitchell 1956; Waller and Sale 2001 ) and <28C, above and below which a recovery period for the pasture is required (Johnson et al. 2003) . The GLFs are on a scale of 0-1, where pasture growth becomes increasingly limited as the GLF decreases towards zero. If the GLF = 1 then there is no limitation to growth.
The Agricultural Production Systems Simulator (APSIM) (version 7.4) (Keating et al. 2003 ) was used to simulate the impact of climate change on wheat yields using typical management practices for rainfed crop. The APSIM model has been shown to competently simulate wheat growth and yield, and water and nitrogen balances across a wide range of environments (Keating et al. 2003; Wang et al. 2011) . The same physical and chemical soil parameters were used for each site, as the principal aim was to determine the impact of climatic differences and trends. A loam surface texture was used for all sites, without any soil nutrient limitation, and the key soil parameters used are outlined in Appendix 2. A surface residue of 100 kg biomass/ha and water and surface organic matter levels were reset each year after harvest of the previous crop. Wheat cv. Tennant was sown on 15 May at a plant density of 140 plants/m 2 and crop simulations were run from 1981 to 2100 with daily climate variables from the six GCMs. Atmospheric CO 2 concentrations were increased on a decadal time-step, taken from the ISAM model conversion of the A2 emissions scenario, beginning at 345 ppm (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) and reaching 784 ppm (2091-2100) (Nakicenovic and Swart 2000) . Future climate effects were configured in APSIM using an inbuilt climate-change capability, which enables daily adjustment of all climate variables including atmospheric CO 2 concentration. The effect of increased atmospheric CO 2 concentration on crop growth is captured in the model via an increase in transpiration efficiency as reported by Wu et al. (2004) . The APSIM outputs of temperature and water stresses can be used to identify the extent of their limitation to simulated growth. However, unlike SGS, the standard output for crop water stress in APSIM increases as the stress increases. Thus, to convert the output into one analogous to the GLFs in SGS, where the water-stress index decreases as the respective stress increases, the following equation was used:
The mean monthly and annual values for each 30-year climate period were calculated for pasture and wheat production.
Variability in annual production was characterised by calculating the variability index (VI) (Hammer and McKeon 1983) ; VI ¼ ð95th percentile À 5th percentileÞ=median We refer to the 95th percentile minus the 5th percentile as the box-plot range. The VI is analogous to the coefficient of variation, but is less sensitive to outliers because the calculations are based on percentiles rather than means.
Results
Pasture simulations
The effects of the projected future climate on monthly and annual pasture production for the five sites are shown in Figs 2-6. Simulated mean annual pasture yields for 2085 are projected to increase above the baseline (yield 6.1 t/ha) at Sassafras by 54% (model range 45-63%) (Fig. 2b) , at Cressy (5.9 t/ha) by 63% (53-79%) (Fig. 3b) , at Tunbridge (3.9 t/ha) by 62% (45-83%) (Fig. 4b) , and at Bothwell (4.3 t/ha) by 86% (58-119%) (Fig. 5b) . At Cambridge, mean annual pasture production is projected to peak above the baseline (6.9 t/ha) by 39% (30-49%) by 2050 and to then decline slightly by 2085 (Fig. 6b ). The sites with the greatest pasture yields generally had lower VI values (Appendix 3). For Sassafras and Cressy, both the median yield and the box-plot range increase with time Mean monthly pasture growth rate (kg DM/ha.day) J a n . (Figs 4b, 5b) , the yield increase is greater, and as a result, the VI values decrease notably with time.
The projected increase in simulated annual pasture yields is driven by increased growth from late winter to spring, with the greatest increase in growth projected to occur in spring (Figs 2a-6a) . Growth rates of summer pasture at all sites are J a n . At Tunbridge, growth rates of summer pasture are projected to decrease below the baseline by 2050 (Fig. 4a) . Bothwell was selected as an example of the effect of the GLFs of temperature and water on pasture growth. Mean monthly GLF temperature is projected to become progressively less limiting, from the baseline to 2085, for March-November (Fig. 7a) . By contrast, from December to February, GLF temperature is projected to become increasingly limiting for growth compared with the baseline. The mean monthly GLF water is projected to become a slightly greater limitation for pasture growth in November-January compared with the baseline period (Fig. 7b) . The net effect of increasing daily maximum temperatures on pasture growth during the summer months is minimal because inadequate soil moisture is the greater limitation for pasture growth during this period.
Wheat simulations
The effects of the projected climate change on wheat crop production for the five sites are shown in Fig. 8 . At Sassafras (Fig. 8a) , simulated mean annual wheat yield is projected to increase above the baseline (yield 11 t/ha) by 6% (model range 3-8%) and 4% (model range 0-9%) by 2050 and 2085, respectively. For other locations, the increases in yield for 2050 and 2085 are as follows: Cressy (Fig. 8b) by 11% (3-19%) and 18% (12-20%) above the baseline (9.6 t/ha); Tunbridge (Fig. 8c) by 13% (-17 to 49%) and 30% (13-42%) above the baseline (4.5 t/ha); Bothwell (Fig. 8d) by 25% (5-48%) and 52% (39-81%) above the baseline (5.9 t/ha); and Cambridge (Fig. 8e) by 20% (4-33%) and 31% (28-38%) above the baseline (6.9 t/ha). The sites with the greatest wheat yields generally had lower VI values (Appendix 3). For Tunbridge and Bothwell, the median yield and box-plot range increase with time (Fig. 8c, d ) so that the VI slightly increases. For Cressy and Cambridge, although the yield increases (Fig. 8b, e) , the box-plot range decreases, so that the VI decreases with time.
Cressy was selected as an example of the effect of changing climate on days to flowering, crop biomass, accumulated crop transpiration and the GLFs of temperature and water for wheat crop production. Simulations indicate that wheat will reach the flowering stage 6-10 days earlier by 2050 and 13-19 days earlier by 2085 (Fig. 9a) . Crop biomass at harvest is projected to increase above the baseline (24.8 t/ha) by 11% (model range 5-15%) at 2050 and 21% (18-22%) by 2085 (Fig. 9b) . Accumulated crop transpiration will decrease slightly by 3% (0 to -6%) by 2085 (Fig. 9c) . Mean monthly GLF water is projected to become less limiting for crop growth by 2085, notably during December and January, in part due to the crop being harvested earlier and increased water-use efficiency (Fig. 9d) . Mean monthly GLF temperature is projected to become progressively less limiting from the baseline to 2085, particularly in MaySeptember (Fig. 9e) .
Discussion
The effects of the projected future climate on existing pastoral and wheat cropping systems for five sites across Tasmania were determined by using biophysical simulation models and dynamically downscaled climate projections from the CFT project. Mean temperatures are projected to increase by 2.3-2.78C, while mean annual rainfall is also projected to slightly increase. 
Pasture response to the projected climate
Mean annual pasture yields are projected to increase at each of the five sites across Tasmania. Regional pasture responses to the projected climate are relatively similar between the sites, although greater increases in pasture production are predicted at sites that are currently more temperature-limited, such as Tunbridge and Bothwell. The VI, as a means of comparing yield variability among sites and climate periods, is projected to either remain stable or decrease into the future. A future warmer climate will drive an increase in pasture production, with most of the additional growth occurring from late winter through to spring, reflecting warmer winter and spring temperatures with adequate soil moisture. These results are consistent with the findings of Thomas and Norris (1979) and Kemp et al. (1989) that cool-temperate pasture production during winter and early spring in temperate regions is severely restricted by low temperatures. This is partly due to frost and other factors such as low daily temperatures and low solar radiation. Cullen et al. (2009 Cullen et al. ( , 2012 indicated that pasture production in cool-temperate climates would be more resilient to climate change, and our study confirmed this for the sites across Tasmania, considering that at each site annual pasture production is projected to increase. Our results are in contrast to the lower rainfall, temperate regions in south-eastern Australia, where pasture yields may remain relatively unchanged, and the Mediterranean regions, where pasture yields are likely to be negatively affected (Cullen et al. 2009; Bell et al. 2013) . However, the simulations indicate that, during summer, a decrease is projected in pasture production at all five sites. Soil moisture deficit during the summer months is predicted to become an increasing limitation for pasture growth at each site, although only the results for Bothwell were presented. The increasing soil moisture deficit simulated at each site is the result of both increased warming and higher evapotranspiration rates (Guobin and Kemp 1992; Turner and Asseng 2005) . The simulated pasture response to the projected climate was driven by warmer temperatures and elevated CO 2 concentrations. Under elevated atmospheric CO 2 concentrations, C 3 plants show an increase in the net influx of CO 2 , increased stomatal resistance and a decline in transpiration per unit of CO 2 fixed (Clark et al. 1995; Long et al. 2004) . This is likely to result in increased wateruse efficiency (WUE) (Casella et al. 1996) , which was simulated at each site. Schapendonk et al. (1997) reported from glasshouse trials that the WUE of perennial pastures under elevated CO 2 levels (700 ppm) was significantly greater than at ambient CO 2 levels (350 ppm). This is consistent with the simulated findings in the current study, where the gross production water use index increased at all five sites from the baseline to 2085, ranging from an increase of 21% at Cambridge to 72% at Bothwell (results not shown).
Wheat production response to the projected climate
Annual wheat yields are projected to increase at each of the five sites across Tasmania. This is consistent with the findings of Holz et al. (2010) , in which simulated wheat yields without nutrient limitation were projected to increase in Tasmania. Our results contrast, however, with other studies of climate change impacts on wheat production in south-eastern Australia, where without adaptation strategies, yields have been projected to decline under a warming climate (van Ittersum et al. 2003; Anwar et al. 2007; Wang et al. 2009 Wang et al. , 2011 . Similar to the pasture simulations, regional wheat responses to the projected warming were comparable between sites; however, greater increases were projected at Bothwell, which is more temperature-limited than the other sites, particularly during winter. The VI is projected to remain stable or decrease slightly for most sites, but increase for Tunbridge and Bothwell.
Time to wheat crop maturity is projected to decrease due to increases in temperature and CO 2 concentrations. At Cressy, for example, the flowering and maturation of wheat will be advanced by 6-10 days by 2050 and 13-19 days by 2085. The projected promotion of crop development in the future is expected to influence future cultivar selection (e.g. later maturing cultivars may lead to increased yield potential) and the time of crop sowing. The optimum sowing time may shift forward as the climate warms and frost risk at anthesis is reduced, allowing options of planting later maturing cultivars. Future increases in atmospheric CO 2 concentrations will lead to gains in WUE, with the crop needing less soil moisture to produce the same amount of biomass (Bowes 1993; Wu et al. 2004) . These responses are captured in the APSIM model, and are reflected in the consistent gains in above-ground biomass across all regions. The largest gains are at Bothwell due to its higher elevation and lower current average temperatures. At Sassafras, Cressy, Tunbridge and Cambridge, accumulated crop transpiration is projected to decline or remain relatively constant in the future, despite the projected increases in biomass and yield production. Projected crop transpiration decreases for these sites are the result of both increased WUE and a reduction in the number of days to crop maturity. Conversely, at Bothwell, crop transpiration is projected to increase in response to the comparatively larger gains in biomass production (temperature-constrained) and, hence, water demand. Simulated soil-moisture deficit levels are typically low at each site (results not shown), and they will decline in future due to both gains in WUE and shorter time to crop maturity.
Previous studies of climate change impacts on agriculture have commonly focussed exclusively on either pastoral systems or cropping systems for any given region when quantifying projected climate impacts. Minimal work has been undertaken in terms of comparing and contrasting two agricultural systems for one region or regions under projected climate change. Our study has addressed this issue, and the response of both the pasture and wheat cropping systems at each site to a warming climate indicate that yields will increase. A greater response in terms of annual production (t/ha) was simulated with the pasture systems compared with the wheat crop. However, regionally, the responses to the projected climate under both systems were positive, indicating potential for future adaptation options based on incremental system changes.
Conclusions
Complex interactions of increases in temperature and atmospheric CO 2 concentrations along with changes in rainfall patterns will determine the overall production response of rainfed pastoral and wheat cropping systems under a future climate across Tasmania. Before the CFT report by Holz et al. (2010) , studies of climate change impacts on Tasmanian agriculture commonly used perturbed historical climate data. The CFT climate datasets used in this study are unique in terms of quantifying high-resolution, regional climate change and the associated effects on pasture and wheat yields. The projected climates for the five sites indicated warming with minimal change in rainfall. Simulated results suggest a general increase in pasture yields for each region, with most of the additional growth occurring during spring. Pasture production is predicted to be relatively resilient to projected climate change until later in the 21st Century, when soil moisture deficits during summer are projected to become an increasing limitation for pasture growth. Simulated wheat production indicated similar results, with projected yield increases, more rapid crop development and improved WUE. These results suggest that increased temperatures and elevated atmospheric CO 2 concentrations are likely to increase regional rainfed pasture and wheat yields in the absence of any significant changes in rainfall patterns or rainfall variability. The probable impact of a gradual change in climate is that future adaptations are more likely to be incremental rather than transformative (i.e. severe and sudden structural change). Pastoral systems are likely to be adapted by adjusting stocking rates and birthing dates to better match feed supply and feed demand, along with increased forage conservation opportunities during spring. Adaptation in wheat cropping systems may include the selection of later maturing cultivars, adjustments in the timing of sowing, and relocation to new regions according to geographical shifts in cropping suitability. A greater demand for nitrogen fertiliser (and other nutrients) for both pasture growth and wheat production is also probable, if the potential increases in yields are to be captured.
